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Arctic sea ice has undergone substantial decline in the last 3 decades and climate model studies 
show that Arctic could be ice-free in the late summer even by the middle of this century. Sea ice 
plays an important role in the climate system, therefore, it is important to investigate the sole 
influence of the Arctic sea ice loss on the atmosphere and ocean circulations. In the present 
study, results of the experiments carried out with the coupled global model ECHAM6-FESOM 
were analyzed. In an ensemble of 100 members, Arctic sea ice thickness was reduced by 80% on 
1st of June in the sensitivity experiments, and changes through the following year were 
compared to the reference experiments. The reduction in the Arctic sea ice thickness led to an 
ice-free Arctic for the next 5 months in the sensitivity experiments and, as a consequence, it led 
to a strong increase in the surface temperature over the Arctic region in the following autumn 
and winter, making the response of other parameters most pronounced in those seasons. Strong 
baroclinic circulation anomalies were found over the Arctic, while barotropic response was 
found over north-eastern and southern parts of Europe. Precipitation increased over central 
Arctic area and also Mediterranean area in the winter, which resembles the synoptic activity shift 
in the same season from the northern Atlantic towards southern Europe. Changes in wind-driven 
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The Arctic is Earth's northern polar region and northernmost part of the climate system (Figure 
1) . The area can be defined as north of the approximate limit of the midnight sun and the polar 
night called Arctic Circle (currently at 66°33′45.6″ N). In its core is the Arctic Ocean, 
approximately 4000km long and 2400km wide, an ocean that is seasonally almost entirely 
covered by sea ice.  
Furthermore, the Arctic has warmed approximately twice as rapidly as the entire northern 
hemisphere in the past decades, which is known as the Arctic Amplification phenomena. It is 
thus a known fact that sea ice decline is to be recognized as one of the strongest indicators of the 
warming. Increase of the air temperatures over the Arctic land by up to 5°C and sea ice thinning 
and decline in extent were all highlighted by the Intergovernmental Panel on Climate Change as 
the changes connected to the Arctic Amplification during the 20th century [1]. There is a high 
confidence that warming in the Arctic is a response to the changes in greenhouse gas 
atmospheric concentration and, consequently, it is projected to continue, being the largest over 
the polar oceans in areas of sea-ice loss in autumn and winter. As a result of ice-albedo and 
snow-albedo feedback mechanisms, reduction in the sea ice and snow extent are expected to 
cause additional heating of the surface and further reductions in the sea ice cover. [1] 
Recent serious sea-ice decline in the Arctic can therefore be attributed to the anthropogenic 
influences through the enhanced greenhouse gas emissions and natural climate variability in the 
Arctic. Beside the expected changes in the Arctic region, like increase of temperatures, increase 
in precipitation and opening sea routes, we are becoming more aware of the impacts that sea-ice 
loss might have on the large scale circulation patterns and mid-latitude weather and climate. 
What is more, some observational studies and model experiments suggest that the changes in the 
atmosphere and ocean circulation can be associated with the loss of the Arctic sea ice. It is 
suggested that the variations in the Arctic sea ice conditions may exert their impact on the 
seasonal temperatures, strength and path of the westerlies and storm tracks in the mid-latitudes. 
In fact, recent cold winters over Europe and North America and more rain in the Mediterranean 
area and East Asia have all been linked to low Arctic sea ice. [2] [3] [4] 
 




 Figure 2. Trends in mean surface air temperature over the period 1960 to 2011 showing an increase in air 
temperature of more than 2° C across much of the Arctic ( indicated in red). Linear trends over the period 
by latitude are shown on the inset. Credit: NASA GISS [5] 
In the next subsection, role of the sea ice in the climate system, mechanisms explaining its 
influence on the atmosphere and ocean properties and present state of the Arctic sea ice, are 
presented in more detail. 
1.1. Climate system and role of the sea ice 
Climate is usually described as the average condition of the climate system consisting of  
atmosphere, ocean, snow, ice, land surfaces and ecosystems. The components of the climate 
system are interacting in many climate processes. The state of the climate system is described in 
terms of the mean and variability of  temperature, precipitation, wind, cloud cover, ocean 
currents, etc., over a period of time. Climate system responds to any changes in the radiation 
balance directly or through feedback mechanisms. The tilt of the Earth’s axis of rotation relative 
to the plane of the Earth’s orbit around the Sun plays a role in seasonal variety of the incoming 
flux (the eccentricity, axial tilt and precession do not vary much on the scale of a century or less). 
The energy input in, for example, winter varies from almost zero north of the Arctic circle to 
about 385 W/m² near 30°S [6]. The differences in the input of the solar energy between the 
latitudes, the highest being at the equator, decreasing with latitude and reaching its minimum at 
the poles, create temperature gradients. Moreover, thermal energy is distributed across the Earth 
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by the means of the atmospheric and ocean motions. And atmospheric circulation is controlled 
by a dynamic balance between motions caused by differential heating. Air masses have upward 
motions near the equator and descending at latitude of about 30°. It is here that the air sinks and 
flows back to the tropics, deflected by the Coriolis force. This produces easterly winds near the 
surface at low latitudes and westerly winds at mid-latitudes. This pattern is present in the 
described Hadley cell. There are two more circulation cells between the tropics and the poles, 
Ferrel cell and polar cell, as can be seen in Figure 3. The changes in the common semipermanent 
patterns of high and low pressure are also an indication of the changes in temperature, 
precipitation, and winds and resemble the Northern Hemisphere atmospheric circulation, which 
is to be found typically in the Arctic, Aleutian Low, Siberian High, Icelandic Low and Beaufort 
Sea High. 
Longitudinal circulation is a result of  higher specific heat capacity of water than land. Water 
absorbs and releases more heat, but the temperature changes less than land. The effects show to 
be seasonal or decadal on a larger scale. Among other things, El Niño oscillation depends on the 
east–west contrasts in the Pacific, as well. Continuous ocean currents transporting water masses 
and distributing heat and matter around the globe reduce differences in the global ocean. Beside 
temperature differences, salinity in the ocean affects its density, and plays a role in the ocean 
termohaline circulation. Figure 4 shows a simplified thermohaline circulation that is driven 
 




 Figure 4. Ocean thermohaline circulation. Strong sinking in the North Atlantic and overturning in the 
Southern Ocean are connecting the deep ocean to the surface. Credit: J.D. Neelin [6] 
by the surface heat and freshwater fluxes. Wind-driven surface currents travel polewards from 
the equatorial Atlantic Ocean, cool and sink at high latitudes and create dense water that flows 
into the ocean basins.  
 
Radiation balance and heat fluxes depend on numerous factors such as the atmospheric 
chemistry (aerosols, greenhouse gases), the surface albedo (fraction of the reflected incoming 
radiation), cloud cover and vegetation. The increase in greenhouse gas emission has effects on 
the radiation balance, since energy that is radiated back to the space is in part absorbed by the 
greenhouse gas molecules and it causes a global temperature increase. Present global warming 
and associated changes in the climate system are recognized as a response to the increased 
amounts of greenhouse gases that are being emitted into the atmosphere by human activities. We 
are living in the time when human activities change the climate, therefore assessment and 
prediction of the future climate are becoming of vital importance. Thus, climate models are our 
best tool in the prediction of the future climate state and better understanding of the climate 
system evolution. 
 
Laws of physics govern the atmospheric and ocean dynamics, so these models consist of a set of 
equations for climate variables. In order to solve those equations numerically, continuous fields 
in the climate system, such as temperature, pressure, velocity, etc., are discretizited to the finite 
number of values. The methods of discretizing the continuous fluid equations of atmosphere and 
ocean are the finite-difference methods, spectral methods and finite-element methods. Equations 
that are usually represented in the climate models are basically conservation equations: Newton’s 
law (the conservation of momentum), the thermodynamic equation (the conservation of energy), 
the conservation of mass (applied to air, salt and moisture), an equation expressing the effects on 
the density of temperature, pressure, etc. in air or water [6]. Table 1 gives a summary of the basic 
equations in the climate models. The most complex climate models are general circulation 
models (GCMs) which capture large-scale circulation in the atmosphere and oceans, where 
coupled atmosphere-ocean general circulation models (AOGCMs) occupy the top level of the 






Equation name Model Equation 
Horizontal velocity equation (u,v) Atm/Ocean 𝑑𝑑𝑑𝑑
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Hydrostatic equation Atm/Ocean 𝑑𝑑𝜕𝜕
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Table 1. Summary of the basic equations for the atmosphere and ocean models. 
Sea ice plays an important role in the climate system as an insulating layer between the 
atmosphere and the ocean, through the ice-albedo feedback and influence on the freshwater 
extent. Sea ice refers to the frozen ocean water that forms, grows, and melts in the ocean. It  
grows during the winter and melts during the summer, but in certain regions it remains all year.  
 
As an insulating layer between the atmosphere and the ocean, sea ice prevents the exchange of 
heat, momentum and mass between the atmosphere and the ocean. Additionally, another 
important sea ice characteristic that plays an important role in the climate system is its high 
albedo. Sea ice surface reflects much more incoming solar radiation than surrounding ocean, its 
typical albedo value being 60%, whereas the ocean has the albedo of about 10%. The reduced 
surface albedo results in an increase of the solar energy absorption and longwave radiation from 
the sea surface. Changes in heat fluxes and longwave radiation are expected to affect the air 
temperature, pressure and precipitation locally. Figure 5 shows ice-albedo feedback to the initial 
warming due to the greenhouse effect. 
 
Moreover, remote effects on the atmosphere could also be expected, although it is much more 
complicated to isolate them since the mid-latitude atmosphere circulation is affected by other 
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factors that could mask the sea ice decline impact. It is important to point out that the freshwater 
extent and the thermohaline circulation of the ocean are also influenced by the sea ice. To be 
exact, fresh water production has, due to freezing and melting of sea ice, a strong impact on 
bottom water production, mixed layer depth, salinity profiles and polar fresh water export. The 
weakening of the Atlantic meridional overturning circulation (MOC) is suggested as a result of a 
reduction of North Atlantic deep convection due to a surface freshening (caused mainly by the 
sea ice cover decrease). [2] 
 
 
Figure 5. Schematic of the ice-albedo feedback in the global energy balance. Initial warming at 
the surface caused by the basic greenhouse effect, the reduction (2) of ice leads to (3) greater net 
solar input into the climate system. This leads to (4) additional warming o of the surface until (5) 
increased upward heat flux from the surface and warming of the atmosphere give enough increase 
in upward IR to space to balance the additional solar input. Credit: J.D. Neelin [6] 
1.2. Arctic sea ice 
The Arctic is seasonally covered by the sea ice, maximally at the end of the winter season in 
March and minimally in September when it’s restricted to central Arctic Ocean. Sea ice can be 
first-year ice or multi-year ice that persisted through the melting seasons. Sea ice extent, 
thickness and concentration are measures used to define its condition. The data from the 
observations of the Arctic sea ice exists since 1600s mostly from ship and coastal observations, 
but continuous monitoring that enabled serious progress in science on sea ice began in the 1970s 
with satellite observations. Ice extent is defined as an area enclosed by the ice edge where the ice 
concentration (a fraction of the ocean covered by ice which can be converted from passive 
microwave emission data from the satellites) is at least 15% [1]. The accuracy of the satellite-
derived ice concentration is usually 5% or better. Observed Arctic sea ice extent varies between 
about 7.5 million km² in September to 14 and 16 million km² in March, and can vary from month 
to month by 1 million km² [7]. Sea ice thickness in the Arctic is typically from 1m up to 3m 
north of Greenland [10]. 
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The annual mean Arctic sea ice extent decreased over the period 1979–2012 with a rate in the 
range of 3.5 to 4.1% per decade (range of 0.45 to 0.51 million km² per decade),  and eight lowest 
September minimums happened in the period 2007-2014. The decrease of the September 
minimum trend is showed in the Figure 6. It is found that the Arctic summer sea ice retreat over 
the past three decades was faster than predicted by the climate models [7][1]. Arctic multi-year 
or perennial ice cover has been rapidly declining at a rate of about −10% per decade since the 
early 1980s [2]. The thinning of sea ice is related to the reduction of the multi-year ice [8]. 
Therefore, the thickness of the Arctic sea ice has also declined substantially over the last decades 
and the mean sea ice thinned for about 50%.  
 
Warming is expected to cause a further sea-ice decline in the 21st century. Future projections of 
the Arctic September sea ice extent under various future greenhouse gas emission levels can be 
seen in the Figure 7. Under the RCP2.6 emission scenario, warming in 2100 is limited to about 
1°C to 2°C which might help to stabilize the ice conditions at levels seen today. RCP8.5 
emission scenario with the warming of about 4°C by the end of this century would result in a 
seasonally ice-free Arctic by the end of this century [10].  Thinning sea ice becomes more 
sensitive to natural variability. Whether the transition to an ice-free Arctic will be abrupt or not, 
it is not yet clear, but models have exhibited ice-free conditions over the Arctic in the summer 
even by the middle of this century [2][4]. 
 
 
Figure 6. Time series of September average Arctic sea ice extent in the period 1979–2013 on the 
basis of satellite 




 Figure 7. Graph shows Future projections of September sea ice extent under various future greenhouse 
gas emission levels. Credit: NSIDC [10] 
1.3. The effects of the Arctic sea ice decline 
 
As explained before, sea ice is interacting strongly with the surface heat balance which means 
that with the sea ice decrease, more heat is transferred from the ocean to the atmosphere. Hence, 
large changes in the seasonal heat transfer contribute to the high-latitude warming of the surface 
air temperature. It has been confirmed by the observational studies that the decrease in Arctic sea 
ice extent in summer and autumn has affected the local weather and climate over the Arctic. Air 
temperatures have increased and many authors reported that the sea ice decline has caused a 
local increase in evaporation, air moisture, cloud cover, and precipitation [2][4]. Although many 
studies applying satellite data, reanalysis and model experiments confirmed there are remote 
effects of the Arctic sea ice decline on the Northern Hemisphere atmospheric circulation, there 
are uncertainties in the mechanisms and distribution of these effects. Variations in the Arctic sea 
ice conditions have been connected to the changes in seasonal temperatures, strength and path of 
the westerlies, storm tracks and precipitation in mid-latitudes. Recent cold winters over Europe 
and North America and more rain in the Mediterranean area and East Asia have all been linked 
to low Arctic sea ice. A pressure pattern with a low over the eastern Arctic and highs over 
Siberia and western North America, that would result in cold winter weather in large parts of 
Europe and North America was often found in the years of low sea ice in these studies [2][4]. 
Reported changes in the geopotential height due to reduced Arctic sea ice extent both in summer 
and winter include a higher winter geopotential height over the Arctic and weakened westerly 
flow over the mid-latitudes. Fewer storms over the Arctic, North Atlantic storm track shift 
southwards and North Pacific storm track shift northwards have been suggested as response to 
the reduction in the Arctic sea ice cover.[3] 
 
Experiments with climate models are used to simulate climate under conditions of reduced sea 
ice. An idealized reduction of sea ice is used in order to enhance a response signal in the climate 
system. Experiments with a completely removed sea ice during whole year by Fletcher et al. 
(1973), Newson (1973) were done with GCMs using the coarse resolutions (typically 5°×5° with 
limited number of vertical layers) that are considered to be extremely large to specify the 
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boundary condition anomalies and simulate large-scale climatic features [2].  Royer et al. (1990) 
used the atmosphere-only model with 20 layers, 2.8°×2.8° resolution and completely replaced 
sea ice in winter by the sea water at its freezing point. A similar study with the ice free Arctic 
was done by Semmler et al. (2012) with much higher resolution (79 km horizontal and 62 
vertical layers). When regarding the large-scale circulation, authors reported the strongest 
changes in winter with pronounced warming and an increase in geopotential height over the 
Arctic, less extreme cold events and less mean precipitation in the subarctic and Northern mid-
latitudes [9].  
 
From the literature on the modeling studies dealing with the sea-ice reduction experiments, it is 
evident that the recent modeling studies employed mostly uncoupled atmospheric general 
circulation models (AGCMs) to explore the impact of the sea-ice changes to the atmospheric 
variability. There is a tendency to prescribe more realistic sea ice conditions based on 
observations or projected future sea-ice state [2][4]. Sea ice concentrations predicted for the end 
of this century were used as boundary conditions for AGCM experiments. Seierstad and Bader 
(2009) for example reported an increase in the 500hPa geopotential height in winter and  in 
March with less storminess in the mid-latitudes. Deser et al. (2010) found baroclinic structure in 
the early and late winter and barotropic structure in the mid-winter. 
 
Simulation studies and experiments that employ coupled global models enable us to determine 
the impact on the atmosphere and on the ocean circulation allowing feedbacks between the 
atmosphere, ice, ocean and land. Tietsche et al. (2011) examined the recovery of the Arctic sea 
ice from the prescribed ice‐free summer conditions in simulations of 21st century climate in an 
AOGCM. An experiment set-up was similar to the one which was used in this study. They 
removed all of the Arctic sea-ice on the 1st of July in coupled climate model simulations by 
converting the entire Northern Hemisphere sea ice to water with same properties as the sea 
surface water below the ice. They found that anomalous loss of the Arctic sea ice during a single 
summer is reversible in one year and recovers typically within two years [11].  
The atmosphere and ocean circulation are affected by many factors, and idealized experiments 
with reduced sea ice tend to enhance the understanding of sole impact of the sea ice reduction on 
the atmosphere and ocean parameters. This study aims to analyze the experiments with coupled 
climate model in which the summertime Arctic sea ice thickness was reduced by 80 % on 1st of 
June, creating summertime ice-free conditions over the Arctic. Sensitivity experiment was set in 
order to analyze how would atmospheric large-scale circulation in the Arctic and in the mid-
latitudes react to such a change during the period of one year, when compared to the reference 









2. Methods and data 
 
The experiments were carried by the coupled model ECHAM6-FESOM.  A total of 100 
ensemble members was used to simulate the response to the sea ice thickness reduction. The sea 
ice thickness was reduced in the sensitivity experiment by 80% on 1st of June for each of the 100 
ensemble members. The changes in the sensitivity experiments were compared to the same size 
ensemble in the reference experiments for the period of 12 months after the initialization (1st of 
June).  
 
2.1. Model structure and the experiment setup 
 
ECHAM6-FESOM (E6-F) is a coupled global model developed at the Alfred Wegener Institute 
(AWI) in Bremerhaven, Germany and first of the kind with multi-resolution dynamical core for 
the sea ice-ocean system. Most coupled global models employ regular mesh methods that request 
the same resolution everywhere. Many relevant processes still need to be parameterized in 
present climate models, which is recognized as one of the main sources of model errors. A 
significant increase in resolution is needed to explicitly resolve those processes on a small scale. 
For global models using regular mesh this is problematic in means of computational 
expensiveness, since it implies an increase in resolution everywhere. An unregular mesh allows 
using high resolution in dynamically active regions, while retaining a relatively coarse resolution 
otherwise. This is computationally a more effective way of capturing important small-scale 
processes and therefore improving model performance in simulating climate system. The 
coupled configuration is gained by coupling the Finite Element Sea Ice-Ocean Model (FESOM), 
a well tested global multi-resolution sea ice-ocean model, with atmospheric general circulation 
model ECHAM6. [14] 
 
The atmospheric general circulation model ECHAM6 is developed at the Max-Planck-Institute 
for Meteorology (MPI) in Hamburg. Like its earlier versions, it has been widely used in climate 
research in different configurations. It is a spectral atmospheric model, meaning that it gives the 
spatial pattern of the variables in terms of Fourier series representation. The fields are 
approximated by a finite sum of sinusoidal functions, the approximation is more exact with more 
wavenumbers that are included in the sum. [14] The model resolution used in simulations 
discussed here employs total wavenumbers up to 63 (T63), corresponding to an approximate 
1.85°×1.85° horizontal resolution with 47 unevenly spaced vertical levels (top at approx. 80 km) 
and timestep of 10 minutes [16]. ECHAM6 includes the land surface model JSBACH and a 
hydrological discharge model. 
 
FESOM is a global multi-resolution sea ice-ocean model that allows simulation of the ocean and 
sea-ice on unstructured meshes with a variable resolution and a smooth representation of 
coastlines and bottom topography [15]. It uses a spherical coordinate system with the poles over 
Greenland and the Antarctic continent to avoid convergence of the meridians in the 
computational domain. FESOM operates on 46 unevenly spaced levels in the vertical (from 10m 
in the upper 100m slowly increasing to 250m in the deep ocean) [14]. The timestep is 30 
minutes. In this study, the resolution in the open ocean of 150km was refined towards the equator 




FESOM is coupled to ECHAM6 via the coupler (OASIS3-MCT) and the coupling takes place 
every 6 hours. The air-sea fluxes are computed by the atmosphere model based on the surface 
fields provided by the sea ice-ocean model which implies mapping of the unstructured finite 
element fields onto the structured atmospheric grid and mapping of the fluxes to the unstructured 
ocean grid.  
 
 
Figure 8. Grids corresponding to ECHAM6 (left) at T63(≈ 200 km) horizontal resolution 
and FESOM (right) grid resolution indicated through color coding (km). Credit: Sidorenko et al. (2014) 
[14] 
 
E6-F is shown to simulate mean climate state close to the observed mean climate state when run 
with the present-day (1990) aerosol and greenhouse gas concentrations, the same or slightly 
better when compared to a set of CMIP5 models [14] and it is shown to simulate global climate 
variability adequately in a long present-day control run of 1500 years [16].  
 
The control simulation that was conducted for 1500 years with greenhouse gas and aerosol 
concentrations from the year 1990 [16], was continued for 100 years with the same (1990) 
greenhouse gas and aerosol forcing.  The conditions on 1st of June from each of those 100 years 
were taken as the initial conditions for one-year long unperturbed runs, creating an ensemble of 
100 members in the reference experiment (TRO2). In the sensitivity experiment (ICE7), 100 of 
one-year runs started from initial conditions on the 1st of June, the same as in TRO2, but with 
sea ice thickness reduced by 80%. The sea ice thickness reduction of 80% was chosen as a 
perturbation strong enough to enhance the response while preserving the stability of the 
simulations. A total of 100 ensemble members was used in simulating the response to the sea ice 
thickness reduction, since it is enabling to calculate an ensemble mean and to estimate the 
uncertainty adequately. The experiments were set, in means of the sea ice perturbation and 
simulated time, in the first place to analyze atmosphere the response over the Northern 
Hemisphere to the removed Arctic sea ice in summer. Changes in sea ice, atmosphere and ocean 







The data taken from the reference (TRO2 ) and sensitivity (ICE7 ) experiments results was 
available at a 6 hourly timestep (0000, 0600, 1200, 1800 UTC). The selected E6-F output 
parameters were chosen for the analysis and data was organized in the files containing results 
from all of the ensemble members simulated in TRO2, and ICE7 accordingly. The data was 
subsequently divided by month (from the initialization in June until June next year) and by 
season, with seasons defined as: summer (June, July, August), autumn (September, October, 
November), winter (December, January, February) and spring (March, April, May). Further on, 
in order to compare the changes in ICE7 to TRO2, the set of files with the calculated differences 
between the corresponding ICE7 and TRO2 data was created (ICE7-TRO2). 
The sea ice concentration and thickness, and chosen atmospheric parameters listed in Table 2 
were given by ECHAM6. Beside the parameters that were taken directly from the model, few 
other parameters were calculated based on the model results. The precipitation-evaporation 
budget (PE) was calculated as the difference between the total precipitation (convective and 
large-scale) and evaporation: 
𝑃𝑃𝑃𝑃 = (𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 + 𝑃𝑃𝑙𝑙𝑙𝑙) − 𝑃𝑃 .                                                       (1) 
Consequently, PE is positive if there is more precipitation (𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑓𝑓 + 𝑃𝑃𝑙𝑙𝑙𝑙)), and negative if there is 
more evaporation (E). 
Furthermore, the synoptic activity was calculated filtering the 500hPa geopotential height fields 
(Z500) for the period December-March after Jung (2005). A simple difference filter was used to 
characterize the synoptic-scale variability [16]: 
𝜕𝜕𝑑𝑑 = 𝜕𝜕𝑑𝑑 − 𝜕𝜕𝑑𝑑−Δ  .                                                                (2) 
The value of Δ=1day was taken, and the differences in the Z500 between the consecutive days 
were calculated. 
Ocean parameters given by FESOM (see Table 2) had to be interpolated on the regular grid and 
in the process, the interpolation method by Sidorenko et al. (2009) was used. The main points in 
the interpolation method, which was used also in order to estimate the transports and meridional 
streamfunctions, include the following processes: the interpolation of the velocities (𝑑𝑑𝑐𝑐) on the 
regular mesh, the computing of the divergence of the vertically integrated flow coming from the 
interpolation error, and the computing of the correction potential (Φ(x,y) ). The spurious 
divergence from the velocity is further removed by adding a gradient of potential to the velocity, 
giving the new velocity which is now used to compute the transports: 
𝑑𝑑𝑐𝑐𝑐𝑐𝑤𝑤 = 𝑑𝑑�𝑐𝑐 − ∇Φ. [17]                                                               (3) 
The basic statistical values of the data were calculated in order to investigate the mean impact of 
the sea ice reduction on the atmosphere and ocean properties. Mean and standard deviation of the 





𝑐𝑐=1 ,                                                              (4) 
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 𝜎𝜎𝜕𝜕 = �1𝑐𝑐 ∑ (𝜕𝜕𝑐𝑐 − ?̅?𝜕)²𝑐𝑐𝑐𝑐=1  ,                                                     (5) 
where x is a parameter of interest and summation goes by timestep i=1,2,...,n. The ensemble 
mean (4) and standard deviation (5) were calculated monthly and seasonally for TRO2 and ICE7 
datasets. Further, in order to study the response in the sensitivity experiment, differences 
between the results from ICE7 and TRO2 were calculated. 
To analyze the significance of the ensemble difference between sensitivity experiments (ICE7) 
and reference experiments (TRO2) , the statistical significance Mann-Whitney U test was used. 
This test is to be used when data does not follow the normal distribution.  Results were deemed 
to be statistically significant at the 95% level if the p-value was below 0.05. 
 
Parameter Model component Units Dimension 
(Lon × Lat) 
Sea ice thickness ECHAM6 M 192×96 
Sea ice concentration ECHAM6 fraction of 1-SLM 192×96 
Surface temperature 
 
ECHAM6 K 192×96 
Mean sea level pressure ECHAM6 Pa 192×96 
Geopotential height ECHAM6 
 
M 192×96 
Convective precipitation ECHAM6 kg/m²s 192×96 
Large-scale precipitation ECHAM6 
 
kg/m²s 192×96 
Evaporation ECHAM6 kg/m²s 192×96 
u-stress ECHAM6 Pa 192×96 
v-stress ECHAM6 Pa 192×96 
Sea surface height FESOM M 360×80 
Sea surface temperature FESOM °C 360×80 
Surface salinity FESOM p  360×80 




3.1. Sea ice 
Sea ice thickness was reduced by 80% on the start of the sensitivity experiments on 1st of June. 
Ensemble seasonal sea ice thickness (SIT) and sea ice concentration (SIC) means from the 
reference experiments (TRO2) and differences between the sensitivity and reference experiments 
(ICE7-TRO2) are shown in Figures 9 and 10.   
As expected, SIT decreases further in ICE7 during June, resulting in an ice-free Arctic for the 
next 4 months. In TRO2, the sea ice cover remains during the whole simulation reaching its 
minimum in autumn, and its maximum in spring. Therefore, the mean seasonal SIT anomalies 
are most pronounced in summer. SIT decreases between 1m and 1.4m in summer over the most 
of the Arctic Ocean, with highest amplitudes north of Greenland (>1.4m). In autumn, the SIT 
anomalies are found to be between -0.4m and -1.4m. The areas with a low SIC (<20%) remain in 
ICE7 only over the small area north of Greenland. 
The sea ice does not start to build until November in the sensitivity experiments. The recovering 
of the  sea ice continues during the winter months. SIT anomalies are getting smaller in winter, 
being between -0.2m and -1m. Noticeable SIC anomalies are present only in the coastal areas 
where SIC is by 20 to 40% smaller in ICE7 compared to TRO2.  In spring, SIT anomalies remain 
north of Greenland (-0.8m) and small anomalies can be found in the Central Arctic (-0.4m). Very 
subtle SIC anomalies (~10%) are present only in the marginal seas, meaning that SIC in ICE7 is 
very much the same as in TRO2 over the most of the Arctic in spring.  
Arctic is found to be ice-free from late June until November in ICE7. Sea ice anomalies are the 
largest in summer after the perturbation. They remain strong but somewhat smaller in autumn, as 
sea ice reaches its minimum in September for TRO2. The strong building of the sea ice in the 
beginning of winter can be explained through the direct exposure of the sea water to the cold 
winter air temperatures. Also, it has been shown that the growth rate for newly developed thin 
ice is much higher than for the thick ice [11]. Consequently, SIC is recovered by the end of the 
simulation in the most of the Arctic, and SIT anomalies remain in the areas of otherwise very 














Figure 9. Sea ice thickness (m) as a seasonal ensemble mean for summer (a), autumn (b), winter (c)  and 







Figure 10. Sea ice concentration (%) as a seasonal ensemble mean for summer (a), autumn (b), winter (c)  




3.2. Surface temperature 
Figure 11 shows seasonal ensemble mean of the surface air temperature for summer, autumn, 
winter and spring, both from the reference experiments and as a difference between the 
sensitivity and reference experiments. The strongest simulated surface air temperature changes 
are found over the Arctic in autumn and winter.. 
Mean surface temperature in ICE7 increases in summer by 5°C over the Arctic Ocean when 
compared to TRO2. In autumn, the increase is stronger, and most pronounced over the Central 
Arctic (by 14°C), while a small increase (up to 2°C) is noticeable over eastern Siberia and 
Hudson Bay. The monthly mean temperature difference reaches its maximum in November, 
when surface temperature over the Central Arctic increases up to 19.7 °C. In winter, the 
temperature increase is up to 10°C (Central Arctic). Smaller changes are noticeable over the 
areas in northern Europe, eastern Siberia and northern Canada, where temperature increases up 
to 4°C. Strong differences remain until January, when the monthly mean temperature increases 
up to 14°C. The differences are found to become smaller during the next months (up to 5°C), and 
mean surface temperature difference in spring is minimum (2.5°C). 
Noticeable changes in the surface temperature are shown to be statistically significant under the 
Mann-Whitney U test at 95% significance level. They are closely related to the changes in the 
sea ice cover and can be explained through the changed surface albedo and heat fluxes in the 
absence of the sea ice. In general, due to ice-free summer conditions, ocean gains more heat in 
summer. Also, in the absence of the sea ice cover during autumn and thinner sea ice in winter, 
heat loss from the ocean to the atmosphere is enhanced. Therefore, the increase in the surface 
temperature can be attributed to the more incoming radiation due to ice-albedo reduction in 
summer, and the following increase in autumn and winter (when there is no incoming radiation 
in most of the Arctic) is due to the more heat gained from the ocean. Surface temperature 
differences are becoming smaller as the sea ice recovers. 
3.3. Sea level pressure and geopotential height 
The large-scale circulation changes are the strongest in autumn and winter. Except in the Arctic, 
changes which are statistically significant under the Mann-Whitney U test at 95% significance 
level, can be seen over the wider area across Europe. The seasonal mean sea level pressure from 
the reference experiments and the difference between the sensitivity and reference experiments 
are shown in Figure 12. 
The mean sea level pressure response in summer is weak which is connected to the small 
temperature anomalies in those seasons. The statistically significant positive anomalies, can be 
seen only over the Greenland (+1.5hPa) and central Arctic (+1hPa). In autumn, positive anomaly 
remains over Greenland and statistically significant decrease is noticeable north of Greenland (up 
to 2hPa) and over the North Pacific Ocean (south of the Aleutian Islands, up to 1.5hPa). Weak 
positive anomalies can be seen over northern Europe and eastern Siberian area, but they are not 
statistically significant. The response is somewhat stronger and wider in winter. The negative 
anomaly (1hPa) can be found over the Arctic, and positive anomaly can be seen over the 






Figure 11. Surface air temperature (°C) as a seasonal ensemble mean for summer (a), autumn (b), winter 
(c)  and spring (d) from reference experiments (left) and difference between sensitivity and reference 






Figure 12. Sea level pressure (hPa) as a seasonal ensemble mean for summer (a), autumn (b), winter (c)  
and spring (d) from reference experiments (left) and difference between sensitivity and reference 
experiments (right). Stippling indicates statistically significant results. 
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seen over western and southern Europe (up to 2hPa), and positive anomaly in the same amount 
can be seen over eastern Europe (2hPa). Small differences can be noticed over the Arctic 
(+1hPa), and over northern Europe (-1hPa) in spring, but they are not found to be statistically 
significant. 
The 500hpa geopotential height (Z500) was examined further in Figure 13 which shows seasonal 
ensemble means from the reference experiments and corresponding mean differences between 
the sensitivity and reference experiments.  
The changes in summer are generally small, with an increase up to 10m over the Arctic and 
eastern Europe and a decrease by 10m over northern Europe. Statistically significant positive 
anomalies can be seen in autumn, the strongest being over the Central Arctic (up to 30m), and 
pronounced over the wider subarctic area (up to 15m). The negative anomaly by 15m can be 
seen south of the Aleutian Islands, while the decrease in the geopotential height is present over 
the Arctic and subarctic regions in winter, as well, being up to 20m. Statistically significant 
changes can also be found over some parts of Europe in winter. Positive anomalies can be seen 
over northern and eastern Europe (20m), while negative anomalies are noticeable over western 
Europe (15m). Changes in spring are weak and not statistically significant, with an increase over 
the Arctic and subarctic regions up to 10m and with a decrease over northern Europe by 10m.  
The circulation responses are shown to be weak and not statistically significant both in summer 
and in spring. The strongest responses can be found in autumn and winter. The difference 
between the surface and the Z500 in autumn and winter indicate the baroclinic response over the 
Arctic in the sensitivity simulations (with the exception of Greenland). Similar anomaly patterns 
in the sea surface pressure and Z500 are connected to the barotropic response in subarctic 
regions, and in western and eastern Europe. The mean sea level pressure differences over the 
Arctic can be connected to the surface temperature increase over the Arctic. Semipermanent 
center of the high pressure over Greenland in simulated to be intensified in autumn and winter, 
and the mean sea level pressure over the Arctic Ocean decreases in the same time as a result of 
the warming. Increase of the Z500 over the Arctic can be attributed to the higher temperatures, 
and some of the pressure patterns outside of the Arctic can be connected to the changed 













Figure 13. 500hPa geopotential height (m) as a seasonal ensemble mean for summer (a), autumn (b), 
winter (c)  and spring (d) from reference experiments (left) and difference between sensitivity and 
reference experiments (right). Stippling indicates statistically significant results. 
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3.5. Synoptic activity  
The synoptic activity was calculated, by the method explained before (see 2.2. ), for December-
March based on the Z500 variability. The main northern hemisphere storm corridors, over the 
North Pacific and eastern North Atlantic, are captured by this method as can be seen in Figure 14 
for the reference experiments.  
The ensemble mean differences between sensitivity and reference experiments synoptic activity 
over December, January, February and March is shown in Figure 14. It can be seen that the 
synoptic activity decreased in ICE7 over the Arctic and subarctic, meaning that the Arctic sea ice 
reduction in summer may reduce storminess locally in the examined period. Decrease is 
noticeable also in northern Asia and eastern Europe. The synoptic activity is shifted more 
towards southern Europe, and increase is noticeable over the Pyrenees and eastern 
Mediterranean. The reduction over the Arctic and subarctic expanding to eastern Europe and 
Asia can be attributed to the weaker temperature gradients due to the warming in the Arctic, 
since they play a significant role in the storm development [3]. Such changes can be further 




Figure 14. Synoptic activity (m) as an ensemble mean over December, January, February and March 
from reference experiments (left) and difference between sensitivity and reference experiments (right). 








3.6. Precipitation and evaporation 
The simulated ensemble mean precipitation for the reference experiments and differences 
between the reference and sensitivity experiments are shown in the Figure 15. It can be seen that 
the significant changes are present in autumn and winter. The statistically significant increase 
being up to 0.4mm/day is noticeable over the Arctic Ocean, over the Northern Pacific, and 
eastern of Greenland. Increase over the same areas is smaller in winter, being up to 0.2mm/day. 
The mean increase in the precipitation is simulated over the parts of southern Europe. The 
positive anomalies being up to 0.4mm/day are present over the Pyrenees, Gulf of Genoa and the 
Southern Adriatic. The precipitation increases over the Arctic Ocean may be linked to enhanced 
water vapor content due to the more evaporation. Indeed, evaporation (Figure 16) increased over 
the Arctic Ocean in both seasons under sea ice-free conditions in the sensitivity run, being 
maximal in autumn when the temperatures are simulated to be the highest. 
The synoptic activity shifts and accompanied pressure decrease over the Northern Pacific and the 
major cyclogenesis areas in southern Europe, such as Gulf of Genoa, can explain the increase in 
the winter precipitation over the mentioned areas.  
 
Precipitation-evaporation budget (PE) shown in Figure 17 indicates that statistically significant 
changes are noticeable only in autumn and winter. In autumn, significant changes are restricted 
to the Arctic Ocean where the overall evaporation is slightly larger than the precipitation. 
Negative mean PE anomaly is up to 0.3mm/day. In winter, slightly negative budget anomalies 
are noticeable in the marginal seas. The PE anomaly of up to 0.4mm/day in winter is noticeable 
over southern Europe. It resembles the precipitation increase in the same regions, since there is 

























Figure 15. Precipitation (mm/day) as a seasonal ensemble mean for summer (a), autumn (b), winter (c)  
and spring (d) from reference experiments (left) and difference between sensitivity and reference 






Figure 16. Evaporation (kg/m²day) as a seasonal ensemble mean for summer (a), autumn (b), winter (c)  
and spring (d) from reference experiments (left) and difference between sensitivity and reference 






Figure 17. Precipitation-evaporation budget (mm/day) as a seasonal ensemble mean for summer (a), 
autumn (b), winter (c)  and spring (d) from reference experiments (left) and difference between sensitivity 




3.7. Salinity and sea surface height 
The salinity was examined at the sea surface level. The simulated changes resemble the 
conditions in which 20% of the sea ice thickness from the reference experiments is melted in the 
sensitivity experiments. The melting rates in TRO2 are higher than those in ICE7, affecting the 
fresh water content and therefore the sea surface salinity. The ensemble mean seasonal salinity 
from the reference experiments and from the difference between the sensitivity and reference 
experiments is shown in Figure 18. The surface salinity anomaly is positive for all seasons. The 
strongest increase can be seen in summer. This is expected since the melting in the reference run 
is most pronounced during summer, making more fresh water and smaller salinity compared to 
the sensitivity run. The PE anomalies were not pronounced in summer, but negative PE anomaly 
may enhance the surface salinity in autumn. 
The sea surface height (SSH) results are shown in Figure 19. As stated before, it has to be 
emphasized that the sensitivity experiment was set in the way that 80% of the sea ice thickness 
was removed, leaving 20% of the sea ice to melt in the sensitivity run. Since the steric effect 
plays the major role in density rates close to the freezing temperatures, and therefore also the 
SSH, the salinity influences SSH over the Arctic Ocean. The decrease (by 2cm) that is likely 
connected to the increased salinity is noticeable in the Arctic Ocean during all seasons, even 
though the sea surface pressure is lower over most of the area in autumn and winter. However, 
statistically significant changes can be seen in the Mediterranean Sea in winter. The small 
changes are present in autumn over the Black Sea and eastern part of the Mediterranean Sea and 
expanding to the western parts of the Mediterranean Sea in winter, being higher by 2cm. These 
changes can be connected to the atmospheric changes that were simulated in ICE7 over the area. 
The decrease in the mean sea level pressure may induce sea surface to raise. Moreover, the 
meridional wind-stress component has increased over the parts of the Mediterranean.  
In addition, the barotropic stream function and the meriodional overturning circulation (MOC) 
were calculated, and there have been no significant changes between the sensitivity and reference 
experiments. 
The changes in the examined ocean properties, sea surface salinity and height, are result of the 
conditions in which 80% of the sea ice thickness was removed in the sensitivity experiments. 
They can resemble the situation in which only 20% of the sea ice (compared to the reference 











Figure 18. Salinity at the sea surface level (p) as a seasonal ensemble mean for summer (a), autumn (b), 
winter (c)  and spring (d) from reference experiments (left) and difference between sensitivity and 







Figure 19. Sea surface height (m) as a seasonal ensemble mean for summer (a), autumn (b), winter (c)  
and spring (d) from reference experiments (left) and difference between sensitivity and reference 





The focus of this study was on the Northern Hemisphere atmospheric and ocean circulation 
response to the reduced Arctic sea ice. Arctic sea ice thickness was reduced on 1st of June by 
80% in the sensitivity experiments, which consequently led to an ice-free Arctic from June until 
November. The perturbation created changes in the atmosphere and ocean properties over the 
Arctic itself, and also over the mid-latitudes.  
However, the changes in the atmospheric circulation have been also noticed over the Southern 
Hemisphere, being the most pronounced in autumn. The ensemble mean sea level pressure and 
geopotential height anomalies for autumn for the entire globe can be  seen in Figures 20 and 21. 
The statistically significant anomalies can be seen over the southern oceans and Antarctica, being 
the largest over western Antarctica. Similar response in the mean sea level pressure with an 
increase of up to 2hPa and in the Z500 with an increase of up to 25m, indicates the barotropic 
response over the area. The simulated response over the some areas on the Southern Hemisphere 
is not possible to explain through the physical mechanisms at the moment. Additionally, such 
changes have not been noted in the previous studies. Further studies are necessary to resolve if 
such response is physically relevant. For example, an experiment may be set in which it would 
be possible to investigate impact of the ice reduction over the Southern Hemisphere on the 
Northern Hemisphere atmospheric and ocean circulations. This kind of experiment might help in 
detecting if there are teleconnections between the hemispheres that could be responsible for the 
described changes. 
The results of the idealized experiments that are a subject of this study can be compared to the 
observational studies dealing with the low sea ice conditions and model experiments with a 
reduced sea ice, and are mostly found to be consistent with previous studies.  
The similar experiment was done by Tietsche et al. (2011) in AOGCM simulations of the 21st 
century climate. In the present study, experiments were done using a higher resolution (see 2.1.) 
with the present-day (1990) aerosol and greenhouse gas conditions. See ice concentration shows 
to recover in a year after the perturbation, meaning that the sea ice anomalies in a single summer 
are reversible. The same was concluded by Tietsche et al. (2011). However, sea ice thickness in 
present experiments remains smaller as the newly developed ice is thinner then the multi-year 
ice, which makes the new ice more prone to melting in the future.  
Simulated surface temperature anomalies are shown to be the largest in autumn and winter with a 
peak in November which is consistent with previous studies [4]. Anomalies are similar to those 
reported by Tietcshe et al. (2011), but are found to be somewhat larger in the present-day climate 
state conditions. Results are also in accordance with the reduced sea ice experiment results in an 
AGCM study by Semmler et al. (2012). Both studies [9][11] reported atmosphere energy budgets 
anomalies in the reduced sea ice conditions which are in accordance with the temperature 









Figure 20. Sea level pressure (hPa) as a seasonal ensemble mean for autumn from reference experiments 








Figure 21. 500hPa geopotential height (m) as a seasonal ensemble mean for autumn  from reference 
experiments (left) and difference between sensitivity and reference experiments (right). Stippling 
indicates statistically significant results. 
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General circulation anomalies over the Northern Hemisphere are comparable with those found in 
the previous studies. The most pronounced anomalies are found in autumn and winter, connected 
to the strong warming in the autumn. Mean sea level pressure decrease over the Arctic, and 
increased geopotential height that are found in the present study, have been reported by other 
authors as a response to the low or reduced sea ice[2][3][4]. More specifically, the baroclinic 
response over the Arctic, with an decrease in the sea level pressure and an increase in the 500hPa 
geopotential height, was found in autumn and winter as a result of the ice-free conditions in 
summer and autumn. The same response has been reported by Jaiser et al. (2012) in autumn after 
the observed low sea ice in summer. Similar pressure response was found in the idealized 
experiments by Semmler et al. (2011). A lower sea level pressure over the Arctic and higher over 
eastern Europe in winter is consistent with previous studies [2][4]. Increase in the geopotential 
heights over the high latitudes and decrease in the meridional temperature gradients are expected 
to reduce the westerly flow. The pressure pattern resembles conditions in which more cold air 
can burst to Europe. Similar asymmetric pattern that was reported in the previous studies over 
North America [4], was not found significant in this study. The future projected changes under a 
greenhouse forcing do not favor cold winters in the northern mid-latitudes, but project a strong 
warming. It has been suggested in one of the recent modeling studies of Eurasian weather in the 
21st century, that colder than normal winters will be twice as likely to happen, but the effect is 
unlikely to last. They found that Arctic warming due to climate change was doubling the chances 
of extreme winters, but in a long run the warming scenario would prevail [20]. 
Overall decrease in the synoptic activity over the Arctic and subarctic area is found consistent 
with a results from some studies which suggest a reduction in the number of arctic winter storms 
after the reduced sea ice [2]. These results, together with an increase in the precipitation, are also 
in the agreement with a future projected changes for the area [1][2]. Shift of the Northern 
Atlantic storm track towards southern Europe is also found consistent with previous studies for 
the reduced sea ice conditions[3][20]. 
The pressure anomalies in winter with a weaker high over Iceland, and a higher low over the 
Azores that are found in the present study, resemble a shift towards more negative NAO (North 
Atlantic Oscillation) phase. The NAO is a large-scale alternation of atmospheric mass with 
centers of action near the Icelandic low and the Azores high that are negatively correlated [3]. 
Anomalous deep Icelandic low and intense subtropical high are found in positive NAO phase, 
and opposite is associated with a negative NAO phase. The negative phases of the NAO 
frequently coincide with low ice conditions [2]. Some modeling studies with a reduced sea ice 
also suggest the negative NAO-like response in autumn and winter [3]. Associated with the 
negative NAO phases are suppressed westerlies, cold dry winters in northern Europe and storm 
track southward shift towards the Mediterranean Sea with more rainfall in southern Europe and 
North Africa. Accordingly, the synoptic activity shift towards southern Europe and more 
precipitation over the same area have been found in a present study and can be linked to the shift 
towards a more negative NAO phase in the sensitivity experiments. However, the future 
projections for the warmer climate show a moderate tendency towards the positive NAO phase 
[1]. This means that in the future climate other factors, such as warming in the tropics, may 
prevail over the sea-ice loss impact on the mentioned processes. 
Reduction of the sea ice thickness by 80% on the beginning of the sensitivity experiments 
created seasonally ice-free Arctic. The response is simulated under conditions in which 20% of 
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the sea ice from the reference run was melted in the sensitivity run. Therefore, the surface 
salinity and sea surface height in the Arctic Ocean do not resemble situation in which all of the 
sea ice is melted. The melting of the complete sea ice from the reference run is possible to cause 
changes in the sea surface salinity and height opposite to the changes found in the present study. 
Decrease in the salinity in the Arctic Ocean, together with an increase in the sea surface height 
would be expected under such conditions due to higher melting rates.  
 
The sea surface height increase that is found in the Mediterranean Sea in winter, being higher by 
2 cm, can be connected to the atmospheric changes in the area which resemble the negative NAO 
phase. Studies show that the sea level in the Mediterranean showed a strong variability over the 
last century, in part due to atmospheric forcing. The Mediterranean sea level is found to be 
increasing by approx. 1.2 mm/yr in the last century. However, a drop of few centimeters (0.6 
mm/yr) between 1960-1990 has been linked to the NAO.  The steric effect is expected to drive 
the future rise projected to be up to 22cm by the end of the 21st century [1]. Therefore, the sea 
surface height increase due to the atmosphere anomalies found in the present sea ice 
experiments, might enhance the total increase. 
 
In order to investigate impact of the sea ice reduction on the ocean circulation, the simulations 
should be extended to capture all relevant processes in the ocean. Additionally, sensitivity 
experiment should be set in order to simulate melting process more realistically. One of 
suggestions is to set the experiments in which sea ice melting would be triggered by reducing the 
sea ice-albedo values in winter. Such experiments have been conducted before , but it has been 
noted that the ice albedo reduction might introduce a too large fresh water input into the Arctic 
ocean [21]. Therefore, further analysis is necessary to find a physically consistent way to 
introduce a perturbation.  
5. Conclusions 
In the present study, the results from the idealized experiments carried by the multi-resolution 
coupled model ECHAM6-FESOM were analyzed in order to study the impact of the sea ice 
reduction on the atmosphere and ocean circulation over the Northern Hemisphere. The 
atmospheric component (ECHAM6) operated at T63 resolution, corresponding to an 
approximate 200km horizontal resolution with 47 vertical levels. The ocean component 
(FESOM) operated on the 46 vertical levels with horizontal resolution from 150km in the open 
ocean to 25km in the most dynamical areas. The total of 100 ensemble members was used in 1-
year simulations with the present-day (1990) greenhouse gas and aerosol forcing. The sea ice 
thickness was reduced by 80% on 1st of June in the sensitivity experiments, which led to an ice-
free Arctic for the next 5 months.  
It can be concluded that removed Arctic sea ice in summer induces changes in the atmosphere 
and ocean circulation over the Arctic and mid-latitudes. The changes were shown to be most 
pronounced over the Arctic and subarctic in autumn, and over wider area, as far as the 
Mediterranean, in winter. The general atmospheric circulation patterns were mainly consistent 
with the previous studies involving reduced Arctic sea ice conditions. In order to study the 
impact of the reduced Arctic sea ice on the ocean circulation, the sensitivity experiments should 
be set on a longer time-scale, in order to include the relevant processes in the ocean, and include 
the more realistic simulations of the sea-ice melting. However, the coupled model results showed 
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changes in the Mediterranean Sea which are likely linked to the changed atmospheric circulation 
in the area.  
The sea ice concentration was found to  recover until the end of the 12-months simulations, and 
small sea ice thickness anomalies remained in the areas north of Greenland. This indicates that 
the newly formed sea ice in those areas would be more prone to the melting in the future. The sea 
ice reduction led to a strong increase in the surface temperatures over the Arctic region in the 
following autumn (up to 14°C) with a peak in November ( up to 19.7°C). The warming in the 
Arctic and subarctic induced changes in the atmospheric circulation which were the most 
pronounced in autumn and winter. The baroclinic response was found over the Arctic as a 
response to the warming. The barotropic response connected to the changed meridional 
temperature gradients and the synoptic activity anomalies was found over the north Asia, the 
north-eastern and the southern parts of Europe. The synoptic activity was reduced over the high 
latitudes and parts of Eurasia. Precipitation increased over the Central Arctic and Mediterranean  
in the winter.  The synoptic activity shift in the same season from North Atlantic towards 
southern Europe is likely connected to the increased precipitation over southern Europe. The 
anomalous pressure pattern  indicates the weaker westerly flow and the conditions in which cold 
air can burst to Europe. Moreover, the pressure anomalies resemble a shift towards the more 
negative NAO phase which was accompanied with the already mentioned changes in the 
synoptic activity and the precipitation. The pressure anomalies in the Mediterranean Sea are 
likely connected to the sea surface height increase over the area in winter. 
From comparing the responses to the reduced sea ice conditions in the present study to the future 
projected changes [1], it can be concluded that the sea-ice reduction drives the changes over the 
Arctic, including the warming, pressure anomalies and suppressed storminess in the future 
climate. The decreased westerly flow and shift towards the more negative NAO phase that are 
suggested in the present study are different from the changes projected for the future climate, 
which are an increased westerly flow and shift towards the positive NAO phase [1][3]. Other 
factors connected to the greenhouse forcing, such as changes in the ocean currents and warming 
in the tropics may drive the future changes in the mid-latitudes. However, even though the 
warming effect might prevail in the long run, the further Arctic sea ice decline that is projected 
for the 21st century, may generate some of the large-scale circulation changes in a years to come. 
Therefore, it is important to investigate the importance of the Arctic sea ice-feedback on the 
atmosphere for the future climate. Moreover, improved modeling studies are necessary to resolve 
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